INTRODUCTION
Most transcription factors belong to a relatively small number of 'families', with different proteins sharing many common features (1) . Thus, in-depth study of a particular transcription factor can provide information that is applicable to other factors found in a range of organisms. Considerable attention has recently been focused on the AraC/XylS family of bacterial transcription activators and, to date, the genes encoding more than 50 family members have been sequenced (2) . Most of these genes are essential for the triggering of transcription in response to particular metabolites. In recent work (3, 4) , we have studied one typical member of the AraC/XylS family, the MelR transcription activator protein from Escherichia coli. Webster et al. (5) originally identified MelR as a 302 amino acid protein encoded by an open reading frame located immediately adjacent to the E.coli melAB operon (encoding the genes required for melibiose metabolism) (6) . The melR gene and the melAB operon are transcribed from two divergent promoters, pmelR and pmelAB, the transcription start points of which are separated by 225 bp (Fig. 1) . It was shown that expression from pmelAB is activated by MelR and melibiose, and two binding sites for MelR upstream of the melAB transcription start were identified: these are two identical 18 bp sequences, organised as an inverted repeat separated by 20 bp (5,7). Both 18 bp target sequences are essential for optimal pmelAB activity (4) . Like most members of the AraC/XylS family, MelR appears to consist of two domains of approximately equal size: the N-terminal domain is likely to be involved in triggering by melibiose, whilst the C-terminal domain is responsible for DNA binding. In support of this, it has been shown that a fragment of MelR carrying the 173 C-terminal amino acids can recognise each of the DNA sites for MelR at pmelAB (3) .
From the few cases that have been studied in detail, it appears that AraC/XylS family members bind to their target promoters both in the presence and in the absence of the trigger ligand, with one protein subunit binding to one ∼18 bp operator (8) . Most target promoters contain at least two sites for binding of the AraC/XylS family member: it is generally assumed that the ligand triggers some sort of rearrangement of bound activator and this involves interactions between different sites. However, few details have been determined, since AraC/XylS family members are difficult to study in vitro, since they are poorly soluble and are difficult to purify (9) .
In this work, we first investigated the function of MelR directly by making a targeted deletion in the melR gene on the E.coli chromosome. Next, to study fundamental properties of MelR (and, by inference, other members of the AraC/XylS family), we devised a simple purification for MelR, exploiting glutathione-Stransferase (GST) fusion technology. Study of the binding of MelR to pmelAB DNA reveals two interesting properties: first, upon binding to target sites, MelR appears to induce a bend in the DNA, and second, bound MelR subunits can oligomerise with other MelR subunits. We argue that the combination of bending and aggregation leads to the formation of multi-subunit nucleoprotein complexes that play a role in transcription activation by MelR (and by other family members). The GST fusion technology was also used to purify a C-terminal fragment of MelR carrying the DNA binding domain. This fragment can bind and distort target sites but is unable to oligomerise.
MATERIALS AND METHODS

Bacterial strains, plasmids and oligonucleotides
Standard methods for recombinant DNA manipulations were used (10) . The bacterial strains, plasmids, DNA fragments and synthetic oligodeoxynucleotides used are listed in Table 1 
Targeted disruption of the E.coli melR gene
The melR gene of E.coli strain Y1089 was disrupted using the gene replacement method of Hamilton et al. (11) . To do this, a 320 bp internal deletion was created in the melR gene by digesting plasmid pJW12 (9) with BclI and religating to give pJW12∆BclI (plasmid pJW12 contains no BclI sites other than those within the cloned melR gene). The BamHI fragment carrying the shortened melR gene from pJW12∆BclI was then transferred to plasmid pMAK705, which carries a temperature sensitive replication origin and resistance to chloramphenicol (11) . After transformation of the resulting pMAK705 derivative into strain Y1089 at 30_C, chloramphenicol resistant survivors were isolated following subculture at non-permissive temperature (42_C). Some of these survivors result from integration of the pMAK705 derivative into the chromosome of Y1089 via the segments of melR flanking the internal deletion, and these were identified by their cold-sensitivity. To promote a second recombination event resulting in excision of the integrated plasmid, low temperature survivors were selected after subculture at 30_C. Derivatives in which the chromosomal melR gene had been replaced by the plasmid-borne ∆melR allele were recognised by their Mel -phenotype. The plasmid was then cured from one such derivative by streaking at high temperature in the absence of chloramphenicol to give the derivative strain Y1089∆melR. The Mel phenotype of Y1089 and the ∆melR derivative was checked using Maconkey melibiose plates and by monitoring growth in media carrying melibiose as the sole carbon source. Expression from the pmelAB promoter was measured by cloning DNA fragments carrying different lengths of melR, pmelR and pmelAB into the lac expression vectors, pAA182 (5) or pAA224 (4). The resultant recombinant plasmids, carrying pmelAB-lac fusions, were transformed into Y1089 and the Y1089∆melR derivative, and melibiose-induced lac expression was measured as in our previous studies (5) . Cells were grown aerobically in minimal medium containing fructose as a carbon source and 80 µg/ml ampicillin, with or without 0.05% (w/v) melibiose. Cells were harvested during exponential growth and β-galactosidase activities were assayed by the Miller method (12).
Overexpression and purification of MelR and MelR173
To overexpress and purify full length or shortened MelR protein, we used the vector, pGEX-5X-1 from Pharmacia, designed for inducible, high level expression of proteins as fusions with Schistosoma japonicum GST (13) . The polylinker of pGEX-5X-1 was adapted with BamHI and NcoI linkers to give pGEX-NB. For this, pGEX-5X-1 was linearised at the BamHI site and the overhanging ends generated were filled in with DNA polymerase Klenow fragment and religated with an NcoI linker to give pGEX-N. Similarly, pGEX-N was linearised at the EcoRI site, treated with Klenow enzyme and ligated with a BamHI linker to give pGEX-NB. The NcoI-BamHI fragment from pCM117-303, encoding full-length MelR (3), was ligated between the NcoI and BamHI sites of pGEX-NB to give pGEX-NB303 encoding a GST-MelR fusion protein. The NcoI-BamHI fragment from pCM117-173, encoding the 173 C-terminal amino acids of MelR, (3), was also cloned into pGEX-NB to give pGEX-NB173. Cultures of E.coli M182 cells (50 ml) carrying pGEX-NB303 or pGEX-NB173 were grown with shaking at 37_C to an OD 650 of 0.7 in L broth containing 80 µg/ml ampicillin. Cultures were induced by adding 50 µl of 100 mM IPTG and incubated for a further 4 h. Cells were harvested by centrifugation, resuspended in 5 ml of 100 mM K 2 HPO 4 (pH 7.4), 50 mM KCl, 10% (v/v) glycerol, 1 mM EDTA and 1 mM DTT (lysis buffer) and lysed on ice by sonication. PMSF (0.1 M in acetone) was then added to give a final concentration of 1 mM. Cell debris was removed by centrifugation and the supernatant was applied to a column containing 1 ml of glutathione-Sepharose (Pharmacia) which had been pre-equilibrated in PBS (0.14 M NaCl, 2.7 mM KCl, 10.1 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , pH 7.3). The column was washed with 5 ml of PBS. Fusion protein was eluted by competition with free glutathione using 1 bed vol of 50 mM Tris-HCl (pH 8.0) containing 5 mM reduced glutathione. Products were stored at -20_C. Cleavage of the product by Factor Xa (Biolabs) was carried out at room temperature for 30 min in 20 mM Tris-HCl, 100 mM NaCl, 2 mM CaCl 2 (pH 8.0) with an enzyme-substrate ratio of 1:500, according to Nagai and Thogersen (14) . Protein concentrations were determined by the Bradford assay (15). 
Preparation of crude extracts
Protein extracts were prepared as described by Michán et al. (3) . Escherichia coli BL21(λDE3) [pLysS] was transformed with pCM117-303 or pCM117-173 and grown overnight in L Broth with kanamycin (50 µg/ml) and chloramphenicol (30 µg/ml) at 37_C, with aeration. An aliquot of the pre-culture (50 µl) was used to inoculate 5 ml of fresh medium and incubated at 37_C. When the OD 650 reached 0.5, 100 µM IPTG was added and incubation was continued for 1 h before the addition of rifampicin (50 µg/ml). After 3 h, 3 ml of the culture was harvested by centrifugation, cells were resuspended in 300 µl of lysis buffer and disrupted by sonication. An aliquot (5 µl) of 0.1 M PMSF was added and the samples were centrifuged for 10 min at 4_C. Aliquots of the supernatant (100 µl) were mixed with 40 µl 50% (v/v) glycerol and samples were stored at -20_C. Extracts from cultures of M182 carrying pGEXNB303 and pGEXNB173 were made in a similar way, growing 5 ml cultures in L Broth containing ampicillin (80 µg/ml) and inducing with 0.1 M IPTG when an OD 650 of 0.7 was reached. Concentrations of protein in extracts were determined by the Bradford assay (15).
Gel retardation assays
For the titration experiments with a single MelR-binding site, the EcoRI-BglII fragment from KK43/121 carrying MelR-binding site 1 (Table 1 and Fig. 1 ) (16) was purified, labelled and used in gel retardation assays as in our previous work (3, 16) . For experiments with both sites 1 and 2 at pmelAB, the EcoRI-HindIII fragment from KK43/121 was used. Melibiose (5 mM) was included in all buffers. Cell extracts and end-labelled DNA fragments were incubated at room temperature for 5 min. Samples were loaded onto a 5% polyacrylamide gel and electrophoresed at 10 mA in TBE (89 mM Tris-borate, 2 mM EDTA) buffer. Bands were detected by autoradiography.
Cyclic permutation assays
The polymerase chain reaction (PCR) was used to prepare DNA fragments containing MelR binding site 1, using KK43/121 as template, 0.125 µmol each of primers D9007 and D9008 (Table 1) and the following conditions: 33 cycles of 30 s at 94_C, followed by 15 s at 58_C and 1 min at 72_C. The products were digested by XbaI and SalI, purified by polyacrylamide gel electrophoresis and ligated between the XbaI and SalI sites of pBend2. This is a plasmid derived from pBR322 which contains two identical DNA segments with 17 restriction sites in a direct repeat on either side of XbaI and SalI cloning sites (17) . The resulting plasmid, pBend2-XS was digested with different enzymes to yield a series of DNA fragments with the position of MelR binding site 1 permuted. These fragments were end-labelled and gel retardation assays were performed as above. To estimate the apparent bend angle (α) and to locate the centre of the bend, we used the method of Thompson and Landy (18) . Changes in the mobility of the protein-bound DNA fragment (relative to the mobility of the free fragment) as the position of the MelR-binding site was varied, were fitted to a cosine function. The amplitude of the cosine function, A cp , is related to the bend angle by the equation A cp = 1 -cos(α/2) (19) . Values quoted are the average of six independent determinations. As a control, similar experiments were performed with a consensus CRP binding site cloned into pBend2. For this, the EcoRI-BamHI fragment from NJS1/121 (20) was treated with the Klenow fragment of DNA polymerase and ligated to SalI linkers (Promega). The resulting fragment was cleaved with SalI and cloned into the unique SalI site of pBend2 to give pBend2-CRP.
RESULTS
Targeted disruption of the gene encoding MelR
To investigate the function of MelR, we made a targeted deletion in the melR gene of the ∆lac melR + E.coli strain Y1089 (see Materials and Methods). Whilst Y1089, the starting strain, is phenotypically Mel + and can grow in media with melibiose as the sole carbon source, the ∆melR derivative is phenotypically Mel -and is unable to metabolise melibiose, confirming that the function of MelR is essential for melAB expression. The Mel -phenotype of the ∆melR derivative strain can, however, be complemented by transformation with plasmids carrying the KK15 fragment, that encodes MelR (see Table 1 and Table 2 ). To confirm that disruption of melR affects transcription initiation at pmelAB, the Y1089∆melR derivative and the starting Y1089 strain were transformed with a series of plasmids carrying pmelAB-lacZ fusions with and without the upstream MelR gene. In the absence of melibiose there is very little expression of lacZ in either strain with any of the plasmids. In the presence of plasmids carrying the fragments KK3 and KK15 which contain the whole melR gene, both strains of E.coli show induction of pmelAB in the presence of melibiose. In contrast, in the presence of plasmids containing KK33 which does not carry the MelR gene, or KK3NPA, in which the melR gene has been disrupted, melibiose dependent induction of the promoter is only found in the melR + background. Results similar to those for KK33/182 were obtained with KK67/224 a different pmelAB-lacZ fusion in a different vector, so the result is not dependent on the gene fusion or plasmid used. From these results, we deduce that MelR is essential for expression from pmelAB, and that the function of MelR is to act as melibiosetriggered activator of pmelAB.
Overexpression and purification of MelR as fusion protein
In our previous work, we had cloned DNA fragments encoding full-length MelR or MelR fragments into diverse expression vectors and had devised a partial purification procedure based upon chromatography on phosphocellulose followed by heparinagarose (9) . To obtain pure protein, a new protocol was devised, following the methods of Smith and Johnson (13) , in which MelR and MelR derivatives were made and purified as GST fusion proteins. Briefly, DNA segments encoding either full length MelR or the 173 C-terminal amino acids (MelR173) were cloned into the vector pGEX-5X-1 encoding GST to give GST-MelR fusions under the control of the tac promoter. After expression of the fusion proteins, cell lysates were applied to a glutathione-agarose affinity matrix. Purified fusion protein was then eluted by washing the column with buffer containing glutathione and the GST 'tag' was removed from the fusion protein by cleavage with factor Xa. Figure 2 shows typical results from our protocol. Although the starting lysates contained large amounts of fusion proteins, most of the material was insoluble and was lost in the pellet. This material could be solubilised by detergent but, despite several attempts, we were unable to recover this material as functional protein. In addition, some of the soluble fusion protein did not bind to the matrix, although it was active in gel retardation experiments, and a further fraction could not be eluted from the matrix. As a result, yields of final product were low with our procedure (see Materials and Methods) typically giving ∼0.5 mg of 62 kDa GST-MelR fusion protein or 48 kDa GST-MelR173 fusion protein from 50 ml of cell culture. The fusion proteins were cleaved with factor Xa: efficient cleavage occurred at enzyme: substrate ratios of 1:500, although a small proportion of the GST-MelR173 fusion protein was resistant to cleavage. However, after cleavage we were unable to separate MelR or MelR173 from GST with the affinity column. Thus, the resulting unfractionated mixtures (or fusion proteins) were used in subsequent experiments. Attempts to perform the cleavage step whilst the fusion protein was bound to the column also failed: after cleavage, neither MelR nor MelR173 could be eluted from the column.
Binding of MelR to a single binding site
The binding of the GST-fusion proteins to a single MelR binding site was investigated using gel retardation assays and compared to that of MelR and MelR173. For these experiments the EcoRI-BglII DNA fragment from KK43/121, carrying only MelR-binding site 1 (Fig. 1) , was used. In previous experiments with crude extracts from cells overexpressing MelR and MelR173, we had shown that titration of MelR173 into a fragment carrying one MelR-binding site results in the formation of a single complex (C1 in Fig. 3A) . Titration of full length MelR into this DNA fragment, results in the formation of a complex (C1 in Fig. 3B ) which is supplanted by a less mobile complex (C2) at higher MelR concentrations. The uncleaved GST-MelR173 fusion binds to the DNA fragment carrying one binding site to give a single complex (Fig. 4A) , similar to that for MelR173. In titrations of the fragment with the GST-MelR fusion, as with full length MelR, two bands are observed, the second less mobile complex being observed at higher protein concentrations (Fig. 4B) . However, with the GST-MelR fusion protein, this higher complex is less stable than with MelR. Experiments with MelR or MelR173 preparations derived from the GST fusions gave results identical to those obtained either with crude cell extracts or with MelR or MelR173 that had been partially purified by our original phosphocellulose chromatography method. This shows that the GST fusions are active and that both bands C1 and C2 arise from MelR and not from interactions of MelR with another protein.
Binding of MelR to tandem binding sites at the melAB promoter
Using gel retardation assays, we investigated the binding of MelR, MelR173, GST-MelR and GST-MelR173 to the EcoRI-HindIII fragment from KK43/121 carrying both the MelR-binding sites of pmelAB (Table 1) . With MelR173, as found in our previous study (3), two retarded bands appear, with the more mobile band (C1 in Fig. 5A ) being replaced by the less mobile band (C2 in Fig. 5A ) at higher concentrations of MelR173. Similar results were obtained with GST-MelR173. With full length MelR, the situation is more complicated and, as found in our previous studies (3, 9, 21) , four retarded bands are observed (C1-C4 in Fig. 5B ). Four bands are also observed with GST-MelR fusion protein.
Binding of MelR to a single binding site induces bending
To investigate whether binding of MelR induces distortion of the DNA, we employed the circular permutation assay, pioneered by Crothers and others (22, 23) , exploiting the vector pBend2 which had been designed to facilitate the assay (17) . MelR-binding site 1 was amplified by PCR and cloned on an XbaI-SalI fragment into pBend2 to give pBend2-XS (Fig. 6A) . As a control, a consensus DNA site for the E.coli cyclic AMP receptor protein (CRP), a transcription factor that induces a well-characterised bend (24) , was also cloned into pBend2.
A series of fragments containing MelR-binding site 1 at different positions relative to the end of the fragment were isolated from pBend2-XS (Fig. 6A) . MelR or MelR173 was incubated with these fragments and the resulting complexes were analysed by electrophoresis ( Fig. 6B and C) . Whilst the free DNA fragments all migrated at the same position in the gel, complexes with both MelR and MelR173 had a lower mobility when the MelR-binding site was located towards the centre of the fragment: this behaviour is suggestive of a protein-induced bend in the DNA (17, 22, 23) . Although the experiments in Figure 6 were performed with all buffers and solutions containing 5 mM melibiose, identical results were obtained in the absence of melibiose: thus, binding and bending of DNA targets by MelR is not affected by the inducer.
To quantify the apparent bending angle, α, induced by MelR and MelR173, we used the method of Thompson and Landy (18) (see Materials and Methods). For MelR173 bound at site 1, the apparent bending angle is 62_ (±7_). For full-length MelR, in the higher mobility complex at site 1 (C1 in Figs 3B and 6C) , the apparent bending angle is the same within experimental error, 63_ (±5_). The same result was obtained with GST-MelR173. For MelR173 and GST-MelR173 at site 1 and for MelR, in the higher mobility complex at site 1, the centre of the apparent bend falls at the same position within the 18 bp MelR-binding sequence (Fig. 6E) . The analysis was repeated for the less mobile complex forming at higher MelR concentrations (C2 in Figs 3B and 6C) . The apparent bending of the DNA in this complex is increased to 93_ (±4_) and the centre of the bend is still within the 18 bp target binding site (Fig. 6E) . As a control, we compared the DNA distortion induced by MelR in our assay with that induced by CRP (not shown). The apparent bending angle induced by CRP, deduced from our experiments performed under the same conditions, was 92_ (±5_), and accords with previous determinations (17) .
DISCUSSION
The first aim of this work was to investigate the function of MelR in vivo: this was achieved by targeting a deletion into the melR gene on the E.coli chromosome. As anticipated from our previous studies (5,7), this deletion conferred a Mel -phenotype on cells, apparently because the melAB promoter cannot be activated. The phenotype can be complemented by tranforming the strain with plasmids containing the melR gene. The second aim was to investigate some of the properties of MelR involved in the function of transcription activation. Thus, we devised a simple purification procedure involving GST-MelR fusions, and studied the binding of MelR to melAB promoter DNA. Gel retardation assays performed with pure GST-fusion proteins gave results identical to those obtained with crude cell extracts. Similarly, MelR and MelR173 derived from cleavage of pure GST-fusion proteins gave results identical to those obtained with crude extracts of cells overexpressing the proteins or from partially purified MelR or MelR173 made by phosphocellulose chromatography. This shows that all the bands observed in these studies arise from MelR and not from interactions of MelR with another component in the cell extract.
The gel retardation experiments with MelR binding to a DNA fragment containing a single MelR binding site initially show a high mobility complex C1, which we interpret as corresponding to the 1:1 complex between MelR and the 18 bp MelR-binding target carried by the fragment. This is chased into a lower mobility complex, C2, at higher protein concentrations which probably corresponds to a 2:1 complex due to oligomerisation of MelR. The absence of a second band with MelR173 and GST-MelR173 shows that this oligomerisation is dependent on the N-terminal domain of MelR. The lower stability of the C2 complex in the GST-MelR fusion is probably due to the presence of GST attached to the N-terminus of MelR interfering with the ability of MelR to form the higher order structure found in complex C2. Figure 7A shows a schematic representation of the different complexes with MelR and MelR173 likely to form at a DNA fragment carrying a single DNA site for MelR. MelR and MelR173 give identical DNAse I footprints at this site, suggesting that only one MelR subunit makes direct contact with the DNA (3). With fragments of DNA containing two MelR binding sites, MelR173 and GST-MelR173 give two complexes in gel retardation assays. We interpret complex C1 as being due to occupation of one MelR-binding site, whilst complex C2 is due to occupation of both MelR-binding sites. Full length MelR and GST-MelR give four retarded bands. Figure 7B illustrates a possible explanation for these complexes: as with the fragment carrying a single MelR-binding site, the complexity is probably due to oligomerisation of free MelR subunits with subunits bound at either site 1 or site 2.
The cyclic permutation assay with MelR and MelR173 at a single site suggests that MelR distorts target DNA, and that the bend is dependent on the C-terminal domain of the protein but independent of the N-terminal. In contrast, oligomerisation of MelR at a single DNA-binding site is dependent on the N-terminal domain. We suppose that the dimers forming at the adjacent MelR binding sites must also interact in some way, and, we suggest that the combination of MelR-induced DNA bending and N-terminal domain-dependent oligomerisation leads to the formation of a large nucleoprotein complex that plays an essential role in the process of transcription activation. The current challenge is to understand the organisation of this complex, to discover how MelR subunits interact with the different RNA polymerase subunits, and to understand the role of melibiose in triggering the activation of the melAB promoter.
Most promoters activated by members of the AraC/XylS family of transcription factors depend on binding of the factor to two separated operator sites and are likely to require interactions between bound subunits. To our knowledge, this is the first report of DNA bending induced by a member of the AraC/XylS family, and our conclusions from this study with MelR are likely to be applicable to other family members. Most text books draw target promoters as a linear array of recognition elements for transcription factors and RNA polymerase, but it is certain that the final complexes are far from linear, with the promoter DNA being highly distorted (reviewed in ref. 25) . Similarly, most text books regard transcription activators as proteins that interact with target promoters and then make some sort of simple contact with the transcription machinery. We suspect that, perhaps in the majority of cases, complex protein-protein and protein-DNA interactions play crucial roles in transcription activation, as in the case of the E.coli MelR protein.
